The blood-feeding juvenile stages of gnathiid isopods are important ectoparasites of marine fishes on the Great Barrier Reef (GBR), and are a major component of the diet of cleaner fishes. We report here that these gnathiids have undergone evolutionary diversification, both geographically and temporally (into diurnally and nocturnally active taxa), which has been accompanied by changes in their morphology and behaviour. To perform this analysis, we sequenced a portion of the nuclear ribosomal ITS2 for 47 gnathiids collected from 29 host fishes of 11 species at three locales spanning 2000 km on the GBR. Maximum parsimony and Bayesian phylogenetic analyses both revealed four major clades. There was some degree of geographical structuring in these clades, but there was no evidence supporting host fish specialization, as gnathiids collected from the skin of different teleost taxa did not resolve into distinct clades. The topology of the phylogeny also implied some structuring that was dependent upon collection time (day or night), so we investigated whether there were also behavioural and morphological differences between taxa active at these different times. Nocturnal gnathiids had significantly longer antennules and larger eyes than diurnal gnathiids -two traits presumably adaptive for nocturnal activity. Behavioural tests showed that both nocturnal and diurnal gnathiids use olfaction and vision while foraging, but that nocturnal gnathiids used olfaction more often in dark conditions, and that they were able to perceive movement under extremely low levels of light. Diurnal gnathiids used vision more effectively when there was some ambient light. Our results thus suggest that both phenotypic and genotypic divergence in gnathiids may be influenced by natural selection acting on ecological traits, such as predator avoidance and host detection.
INTRODUCTION
Adaptive divergence has fascinated biologists since the beginnings of evolutionary biology. Although many processes can be responsible for divergence in an evolutionary lineage, natural selection is one of the most interesting because of what it tells us about the relationship an organism has with its physical environment and with the other organisms with which it interacts. In parasites, evolutionary divergence can occur as a result of population isolation, as a consequence of adapting to different host species in the same location, or as adaptations to different ecological conditions independent of hosts (e.g. time of day, temperature; Poulin, 2007) . Different selective agents are likely to act in concert much of the time, and might also be correlated (e.g. humidity and temperature). This often results in complex evolutionary patterns, including local adaptation and coevolution (Thompson, 1994; Page, 2002) . We can only begin to tease these different scenarios apart by isolating factors that are suspected to be important to evolutionary divergence in a given parasite taxon.
We conducted such a study focusing on gnathiids, a common marine ectoparasite of reef fishes. Gnathiid isopods (Crustacea) have three highly mobile juvenile stages that feed briefly on a host fish, and then return to the benthos to moult to the next stage (Monod, 1926; Grutter, 2003) . They are fast swimmers: a 2-mm-long juvenile can reach speeds of 100 body lengths/ s -1 (Grutter, 2002) . With piercing mouthparts they attach to the skin and gills of fishes, using a muscular oesophagus and grooved paragnath to feed on blood and plasma (Monod, 1926) .
The ecological importance of gnathiids to reef ecology is evident from their role as a key component of marine cleaning symbioses: mutualistic relationships between cleaning organisms and host fishes (for reviews, see Côté, 2000; Grutter, 2002) . The main predator of gnathiids on the Great Barrier Reef (GBR), Australia, is a common diurnal cleaner wrasse (Labroides dimidiatus Cuvier & Valenciennes, 1839) that eats gnathiids from the bodies of its 'client' fishes. This cleaner fish has a significant effect on reef fish diversity and abundance, through its role in reducing gnathiid loads on host fishes (Bshary, 2003; Grutter, Murphy & Choat, 2003) , as it eats about 1200 gnathiids per day from more than 2000 client fishes (Grutter, 1995 (Grutter, , 1996 . On the GBR, juvenile gnathiids have been found on 70% of the 56 species of reef fishes surveyed (Grutter & Poulin, 1998) .
Only 12 species of the genus Gnathia from the GBR and the nearby Queensland coast have been described so far (Holdich & Harrison, 1980) , but there are likely to be many more species that will be revealed by further collection and analysis. For example, the current taxonomic descriptions of gnathiids are based entirely on adult male morphology, but adult males are found only in the benthos, and cannot yet be matched with either the juvenile stages that feed on fishes or with adult females. Juveniles are also morphologically and ecologically similar across taxa (Smit & Davies, 2004) , so there is little about their natural history to assist in classifying them. Although the goal of the present study was not to provide new descriptions of gnathiid species, our attempt to understand the factors affecting evolutionary divergence in this group of parasites using molecular techniques revealed that there has been some previously undetected diversification.
Evolutionary diversification in the parasites involved in this complex cleaning symbiosis could proceed in several ways. Considerable geographical structure is expected in marine organisms like gnathiids that have live birth (and no planktonic larval stage), because these organisms rarely leave their natal area (Bohonak, 1999) . However, some of the hosts that gnathiids feed on are highly mobile, and this may prevent small-scale geographical structuring of populations.
Cleaner fishes, host fishes, and parasites are all likely to be influenced by selective pressures from one another. If, for example, a cleaner fish prefers some client fish species to others, this preference may influence interactions among the host fishes and gnathiids, resulting in selection on gnathiids to parasitize other host fishes. Host specialization may also be important in gnathiid evolution, and usually depends on the relative availability and predictability of hosts, with considerable specialization when the parasites have complex life cycles and are intimately associated with their hosts (Noble et al., 1989; Combes, 1991; Thompson, 1994; McCoy et al., 2002; Tripet, Jacot & Richner, 2002) .
Coral reefs are among the most productive of ecosystems, with hundreds of potential host fish individuals usually present at any time on even very small reefs. Reef fishes belong to many feeding guilds, and have different social behaviours and times of day or night in which they are active (Hobson, 1991) . Thus, gnathiids have the opportunity to specialize on hosts that vary in their proximity to the benthos while foraging, or hosts active during different temporal periods. Nonetheless, host generalization is suggested by the fact that gnathiids are only on their hosts while feeding for brief periods (< 3 h), and have direct life cycles spent mainly away from the host, unlike many parasites that have intimate, long-term associations with host individuals.
Several studies have shown that gnathiids are active during both day and night (Grutter & Hendrikz, 1999; Chambers & Sikkel, 2002; Côté & Molloy, 2003) , and this may also contribute to evolutionary diversification. For example, natural selection favouring specialization in different sensory modes during different temporal periods has been shown to promote evolutionary divergence in invertebrates (e.g. Lepidoptera, moths, and butterflies; Dreisig, 1986; Fullard et al., 1997) . In addition, the predators of gnathiids and their host fishes may be different during the day and night. For example, cleaner fishes are only active during the day, and if host fishes remain on the reef at night, they may alter their availability as hosts by using mucous cocoons (Videler, Geertjes & Videler, 1999) or other defensive adaptations.
Little is known about how gnathiids locate their hosts, but they appear to use both vision and olfaction, and some species have pits on their bodies that may have sensory functions (Smit & Davies, 2004) . Other aquatic ectoparasites, like salmon lice (copepods), use vision and olfaction when foraging (Poulin, Curtis & Rau, 1990; Devine et al., 2000) , so we focused on these two sensory modalities to determine if nocturnal and diurnal gnathiids used them differentially when light conditions change.
Combining genetic and morphological data with behavioural experiments, we addressed the following three questions about evolutionary divergence in gnathiids on the GBR: (1) Is there genetic structure across both small (within 2 km) and large (50-2000 km) spatial scales? (2) Is there phylogenetic structure that corresponds with host fish taxonomy (i.e. host specialization)? (3) Is the topology of a gnathiid phylogeny, and the variation in morphology and behaviour, consistent with the evolution of nocturnal or diurnal specialization?
MATERIAL AND METHODS

DNA ANALYSIS
Gnathiid collection
For DNA analysis, 47 gnathiids were collected and preserved in 90% ethanol from 29 individual host fishes of 11 common species from three families (see Table 1 (Bonnaterre, 1788) ], which is an epaulette shark. Scarids and labrids are closely related teleost families that are active during the day, but have distinct ecological niches: scarids feed on benthic algae growing on corals, and are often gregarious, whereas labrids are solitary carnivores (Randall, Allen & Steene, 1997) . Hemiscyllium ocellatum is a nocturnal elasmobranch that feeds on invertebrates and small fishes. We collected gnathiids from this host because we expected that it would harbour distinct gnathiid taxa, based on the results from a previous study (Grutter, Morgan & Adlard, 2000) .
Host fishes were obtained from three locations on the GBR in April and November-December 2003: Lizard Island (14°40′S, 145°20′E), a mid-shelf island on the northern GBR; Yonge Reef (14°37′S, 145°37′E), a ribbon reef located about 40-km east of Lizard Island across the reef shelf; and Heron Island (23°27′S, 151°55′E), a coral cay on the southern GBR ( Fig. 1) . At Lizard Island, we collected gnathiids using three different sampling methods, as follows. First, at Vicky's Reef and Osprey Reef (approx 2 km apart), wild host fishes were caught by divers between 09:30 h and 14:30 h, local time (GMT + 10), at similar depths using hand and barrier nets, and were placed individually into plastic bags immediately upon capture. Captured fishes were taken to the surface in the sealed bags, where they were placed in a large bucket, and were rubbed and rinsed with seawater to remove all gnathiids. The water was then filtered with a 62-mm mesh, and the contents were examined using a dissecting microscope. Second, gnathiids were collected with a pipette from an aquarium culture maintained at the Lizard Island Research Station with the host fish H. melapterus (see Nagel & Grutter, 2006) . Third, gnathiids were removed from two species of caged wrasse host fishes (H. melapterus and E. insidiator) that were placed on Vicky's Reef on six consecutive nights in November-December. Each of the six individuals was placed in a 1-m 3 wire cage and was positioned by a snorkeler on the reef after 18:30 h, and was then retrieved before 23:00 h.
At Yonge Reef and Heron Island, we collected wild host fishes using the first method described above. At Heron Island, we also removed gnathids directly from two epaulette sharks that were captured by hand on the reef flat.
DNA extraction and amplification
The second internal transcribed spacer (ITS2) separates the nuclear 5.8S from the 28S genes, which both code for the structural RNA molecules that make up ribosomes (Gerbi, 1985) . Although few studies have examined the utility of ITS2 in population genetics Table 1 , Fig. 2) found at each site are listed in brackets after each locality name. 
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research (Hillis & Dixon, 1991) , it was suitable for our phylogenetic survey because a previous study showed it to contain sufficient variability to distinguish among gnathiid taxa (Grutter et al., 2000) , and it has been phylogenetically informative for disentangling cryptic species complexes in other taxa (e.g. Young & Coleman, 2004; Foley et al., 2007; Vanormelingen et al., 2007) . A mini pestle was used to crush each gnathiid, and the resulting homogenate was placed in 1¥TE buffer, pH 8.0 (10 mM Tris Cl, 1 mM EDTA) and 10 mL of proteinase K (20 mg mL -1 ), and was left overnight. DNA was extracted using a DNeasy Tissue Kit (Qiagen) following the manufacturer's protocol. The DNA was eluted in 50 mL of Qiagen Elution Buffer, and was stored at -20°C until amplification.
For all 47 samples, we amplified an approximately 700-bp fragment of ITS2 using one primer (3S) positioned in the 5.8S gene, 5′-GGTACCGGTGGATC ACGTGGCTAGTG-3′, and a second primer located in the large subunit (LSU), ITS2.2, 5′′-CCTGGTTAGT TTCTTTTCCTCCGC-3′ (Grutter et al., 2000) . Polymerase chain reactions (PCR) were performed in 50-mL total volumes containing 4.0 mL of template DNA (approximately 10-20 ng mL ), and 36.6 mL of sterile water. PCRs were performed in an Eppendorf Mastercycler using the following profile: initial template DNA denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 55.5°C for 40 s, 72°C for 40 s, and a final extension at 72°C for 5 min. PCR products were electrophoresed in a 1% agarose gel and were visualized with ethidium bromide. Bands were excised and cleaned using QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer's protocols.
DNA sequencing
We sequenced the cleaned, amplified products with the primer 3S, using both manual and automated sequencing protocols. We manually cycle-sequenced 20 individuals using the Amersham ThermoSequenase cycle sequencing kit, following the manufacturer's protocols. Products were run out on 6% polyacrylamide (PAA) gels for 2-6 h, and were then blotted, vacuum dried, and placed on film (Kodak Biomax) for 24-48 h. The resulting autoradiographs from manual sequencing were scored by hand. Thirtyseven individuals were sequenced automatically using an ABIPRISM 3700 Genetic Analyser and the BigDye Terminator Cycle Sequencer (Applied Biosystems). All chromatograms were double checked by eye. Ten samples were sequenced both manually and automatically to ensure comparability between the two methods. These same ten samples were also sequenced in both directions using automated methods, to examine the possibility that variable sites are a consequence of scoring errors.
DNA sequences reported in this paper have been deposited in GenBank under the accession numbers EF508081-EF508127.
Phylogenetic analysis
Sequences were aligned in Clustal X (Thompson, Plewniak & Poch, 1999) using default settings, with subsequent verification in MacClade version 4 (Maddison & Maddison, 2002) . For phylogenetic analyses, we used a dataset comprising 288-303 base pairs from 47 individuals for which we were confident in the alignment, and then further reduced this to 14 distinct ITS2 variants using MacClade. We used Bayesian and Maximum parsimony (MP) methods to derive hypotheses about the evolutionary affinities among ITS2 variants. The ITS2 sequence from gnathiids collected from H. ocellatum (samples HHoa and HHob; see Appendix) was designated as the outgroup in all analyses, as it was previously shown to lie outside the clade containing teleost gnathiid sequences in a molecular study that used ITS2 to attempt to match adults with juveniles in two gnathiid species (Grutter et al., 2000) .
Unweighted MP analyses were run in PAUP* version 4.0b10 (Swofford, 2002) using the heuristic search option, tree bissection-reconnection (TBR) branch swapping, and all default settings, with 1000 random-addition replicates. We performed this twice, first considering gaps as missing data and then treating gaps as a 'fifth base' (Simmons & Ochoterena, 2000) . We used nonparametric bootstrapping (Felsenstein, 1985) with 1000 pseudoreplicates (each with ten random additions) to assess support of the resulting MP tree. Our Bayesian phylogenetic analysis was run in MrBayes version 3.1.2 (Huelsenbeck & Ronquist, 2001) , with the best of 24 models of evolution chosen using MrModeltest version 2.2 (Nylander, 2004) . Based on the Akaike information criterion, we selected the likelihood settings reflecting a symmetrical model of evolution with a proportion of invariant sites (SYM + I). Two independent MCMC chains were run, with default temperature settings, for 1 million generations, until the standard deviation of the split frequencies was less than 0.01. Trees were sampled every 100 generations. The first 2500 trees were discarded as burn-in, and a 50% consensus tree was built from the remaining 7500 trees.
BEHAVIOURAL AND MORPHOLOGICAL ANALYSIS
Gnathiid collection
Because we were able to trap gnathiids feeding on hosts both by night and day, and our DNA analysis EVOLUTIONARY DIVERGENCE IN GNATHIIDS 573 revealed some phylogenetic patterning with respect to these two time periods, we returned to Lizard Island from November 2005-January 2006 to trap gnathiids for both morphological and behavioural analyses. Using the same methods described above, we collected gnathiids from wrasse host fishes: diurnal gnathiids were taken from fishes caught using SCUBA and nets between 09:30 h and 13:00 h, local times, and nocturnal gnathiids from fishes confined in cages between 19:00 h and 23:00 h.
Behavioural experiments: general protocols
We assessed responses to visual and olfactory cues, under both dark and light test conditions, in separate experiments to look for differences in initial movement (the first 120 s) towards a stimulus. Because gnathiids adopt a 'sit and wait' strategy when searching for a host fish, the initial movement is likely to be as indicative of gnathiid preference as the duration and frequency of visits to a stimulus, and it was difficult to record actual visits to a host while viewing trials because of the small size of the gnathiids. We tested third-stage juveniles because these are the largest and therefore most easily seen, and because we wanted to control for potential differences in behaviour among developmental stages. Each gnathiid was tested only once.
Behavioural experiments: phototaxis
We measured the response of 30 diurnal and 30 nocturnal gnathiids to low light levels under dark test conditions. For these phototaxis experiments, thirdstage juvenile gnathiids with engorged guts were collected from wild hosts 24 h before a test, and were then held singly in 10-mL vials under a 12-h : 12-h photoperiod (light from 06:00 h to 18:00 h, local time). Each gnathiid was placed in a completely dark, quiet test room 2 h before testing began. All trials were conducted between 20:00 h and 22:00 h, local time.
A single plastic TS AlInGaP light-emitting diode (LED) was shone through an aperture (approx 0.5 mm in diameter) pierced in a small piece of aluminium foil that covered the end of a flexible metal gooseneck lamp (containing the LED). This was positioned beside a 9-cm diameter glass Petri dish filled with seawater. Initially, five neutral density filters (each with optical density = 0.9) were placed between the light source and the Petri dish. Trials were lit with four 940-nm infrared (IR) light panels composed of 35 single IR LEDs. The observer viewed the trials through the liquid crystal display of a Canon NTSC 2R80 video camera (sensitive to IR light) mounted above the experiment.
We placed each gnathiid (along with seawater from their holding vial) onto a coral fragment on the side of the Petri dish furthest from the visible-spectrum LED. A trial began at least 20 s after the introduction of the gnathiid into the Petri dish, providing that the gnathiid was still on or near the coral fragment (the gnathiids rarely moved). We then removed a filter every 20 s, tallying the number of filters removed before the gnathiid moved (usually by swimming towards the light source). Each filter transmitted 13% of the incident light, so with all five filters in place the light was almost completely blocked. As a control for the possible effect of noise and vibration caused by the observer removing the filters, the first of the five filters was removed with the visiblespectrum LED light source switched off before a test. If the gnathiid moved within 5 s after the removal of the fifth filter, we waited 1 min before starting the trial again. If the gnathiid moved again, the gnathiid was then discarded (three diurnal and two nocturnal gnathiids). Trials in which gnathiids did not respond to the light stimulus (six diurnal and eight nocturnal gnathiids) were also omitted from the analysis so that we could be certain that our analysis was based on gnathiids that could respond, and were not simply reacting to the experimental procedure independent of the light stimulus.
Behavioural experiments: olfaction
For these experiments, engorged second-stage gnathiids were moulted to the third stage (so that they were no longer engorged) over a 3-6-day period, during which they were held singly in 10-mL vials under a 12-h : 12-h photoperiod (light from 06:00 h to 18:00 h, local time). To test the response of nocturnal and diurnal gnathiids to olfactory cues, we placed two inverted glass Petri dishes (5. 5-cm diameter ¥ 1.0 cm) at either end of a clear Perspex aquarium (30 cm ¥ 10 cm ¥ 10 cm) surrounded by white Plexiglas panels that hid the observer. Each Petri dish had a 0.5-cm diameter dimple in the centre that we filled with either fish mucous or with a paste made of flour and water (as a control). The fish mucous was obtained from the parrotfish S. niger, because scarid mucous elicited more response than labrid mucous from both gnathiid types in preliminary trials. The aquarium contained 2 L of seawater, which was changed between each trial.
To begin each trial, a gnathiid in a glass pipette was allowed to acclimate to the aquarium for 30 s before being placed onto a small piece of coral in the centre of the aquarium. Recording of behavioural variables began immediately: we recorded the length of time until the gnathiid moved, and which Petri dish it moved towards. Trials were conducted under both ambient and overhead fluorescent light (from 07:00 h to 14:00 h, local time), or in darkness (from 19:00 h to 23:00 h). Trials carried out in the dark period were illuminated with four 940-nm IR light panels composed of 35 single IR LEDs, so that we could film them without influencing their vision. The observer viewed the trials with a Canon NTSC 2R80 video camera sensitive to IR light, mounted above the experiment. We tested 32 nocturnal (20 in light, 12 in dark) and 30 diurnal (19 in light, 11 in dark) gnathiids.
Behavioural experiments: vision
To test the response of nocturnal and diurnal gnathiids to visual cues, we presented gnathiids with 7.5-cm-long latex models of an adult Neoglyphidodon melas (Cuvier, 1830) (Pomacentridae), a common diurnal damselfish found on reefs around Lizard Island. This species was chosen because the models had to be small (< 10-cm long) to be used in the small aquaria required for easy observation of the gnathiids. We also knew that both nocturnal and diurnal gnathiids would feed on pomacentrids in captivity (L. Nagel, pers. observ.; Nagel & Grutter, 2006) . The four models were painted black with Aerocolor plus paint (Schminke) to resemble adult body coloration. Each model was tied to a clear fishing line looped over a pulley above the aquarium. One line was held by an observer behind the Plexiglas panels, and was pulled gently every 5 s to simulate fish movement. One model was therefore stationary during a test, and one was moving (models and positions were randomly switched between trials). Recording of behavioural variables began immediately: we recorded the length of time until the gnathiid moved and which model it moved towards. The lighting and time of trials was as above for the olfaction tests.
Morphological measurements
Some of the juvenile gnathiids used in the behavioural experiments were preserved in 80% EtOH for later measurement. We measured 54 diurnal and 50 nocturnal gnathiids at 32¥ magnification with a Leica Dialux 22 compound microscope, using an ocular micrometer to measure their total length (distal end of gnathopod to distal end of telson), head width (distal edge of left eye to distal edge of right eye), length of both right antennules (from base to tip), and diameter of the right eye. Each trait was measured twice, and the mean value was used to reduce measurement error. The nocturnal and diurnal gnathiids that we measured were not sequenced for ITS2, to verify that they were genetically the same as those used to construct the molecular phylogeny. However, they were collected using the same methods at the same sites, and were morphologically indistinguishable from them with respect to size, shape, and pigmentation in the juvenile forms, and in the shape of the adult mandibles (Smit & Basson, 2002) in a sample of males that we raised to adulthood (L. Nagel, unpubl. data).
STATISTICAL ANALYSIS
Because the nocturnal and diurnal samples of gnathiids that we measured were clearly heterogeneous (see Results), the distributions of traits departed significantly from normality (Shapiro-Wilk tests, P < 0.002 in each case), even after appropriate transformations. For that reason we used nonparametric statistics to compare individual traits of nocturnal and diurnal gnathiids, and logistic regression to determine whether these two groups could be distinguished using these morphological variables. For similar reasons, we also used nonparametric statistics for analysing the behavioural data. Statistical analyses were performed using JMP version 6.0.3 (SAS Institute, 2006).
RESULTS
ITS2 VARIATION
We confined our analyses to a specific subset of 288-303 base pairs of the total ITS2 DNA sequence, because of the high variability among sequences over some stretches of ITS2 (and thus the equivocal alignment), variation in chromatogram quality, and problems in obtaining complete reads for some samples. For the data that we did use, there were neither obvious chromatogram peaks of equal height for the same nucleotide site, which would be consistent with intraindividual variability, nor was there any indication that products from our PCR reactions were heterogeneous in length.
We found 14 distinct ITS2 variants (13 ingroup and one outgroup ITS2 variants). Treating gaps as missing data (distributing proportionately to those sites with unambiguous changes), 39 of 57 variable characters were parsimony informative. Pairwise divergences between ingroup ITS2 variants (treating gaps as missing data) varied between 0 (for two ITS2 variants that differed only by one gap) and 8.6%. The average base-pair proportions were: A = 0.226, C = 0.231, G = 0.267, and T = 0.276. The average transition : transversion (ti/ : tv) ratio was 1.18 (ingroup taxa only, and excluding comparisons for which the quotient was undefined because of division by zero).
ITS2 PHYLOGENETICS
Tree topologies from our Bayesian and MP analysesboth excluding gaps and including them as a fifth base -were similar, and revealed four major ingroup clades, each supported by at least a 0.87 posterior EVOLUTIONARY DIVERGENCE IN GNATHIIDS 575 probability (pp) or 58% bootstrap support (Fig. 2) . Basal nodes generally had low support, and are not discussed further. Mean divergence between the elasmobranch gnathiid outgroup and all ingroup ITS2 variants was 8.7 ± 0.9%. The mean DNA sequence divergence between clade IV and clades I, II, and III together was 6.2% (SD 1.2), indicating fairly deep evolutionary divergence between these clades.
The geographical distribution of clades and constituent ITS2 variants was markedly nonrandom, irrespective of the host fish (Fig. 2, Table 1 ). Clade I (pp = 0.99) included gnathiid ITS2 variants from both labrid and scarid species sampled from Heron Island only. Clades II (pp = 0.87) and III (pp = 0.99) comprised ITS2 variants from labrids sampled near Lizard Island and from Yonge Reef. Clade IV (pp = 0.94) included relatively rare gnathiid ITS2 variants, but these were parasitic on fishes sampled at both Heron Island and Yonge Reef. Individual ITS2 variants were geographically compartmentalized (Table 1) , except for Vicky's and Osprey Reefs (2 km apart), off Lizard Island.
Our phylogeny contains five distinct clades of gnathiids (one elasmobranch gnathiid taxon and four teleost gnathiid taxa). For the four ingroup clades in Figure 2 , the smallest average pairwise divergence Figure 2 . A 50% majority rule consensus tree based on 7500 trees from Bayesian analysis of ITS2 sequence data (see text for details). The 13 gnathid ingroup ITS2 variants are matched to host fish species, geographical locale, and time (day or night) of collection in Table 1 (see the Appendix for details of individual host fishes and gnathiid collection). Support for each node is indicated, with the first number showing posterior probability from Bayesian analysis, and the second and third numbers indicating bootstrap support from a parsimony analysis, treating gaps as missing data and as a fifth character state, respectively. Dashes denote bootstrap values less than 50%. The matrix on the right matches each gnathiid ITS2 variant to the fish species from which it was collected (shaded cells). Major clades are identified by roman numerals I-IV. White triangles indicate ITS2 variants from gnathiids collected during the day only, whereas the bi-coloured box denotes ITS2 variants that occurred in gnathiids collected during both day and night [note that ITS2 variant E comprises four gnathiids from Lizard Island, but only one individual was collected during the day (see text)]. ITS2 variant G comprises the other three gnathiids collected from Lizard Island at night, as well as gnathiids collected during the day from Yonge Reef. was 3.3% (clades II and III). By the criterion (threshold of 2%) applied by Ben-David et al. (2007) for spider mites (Acari: Tetranychidae) for species designation using ITS2, these four clades probably represent separate gnathiid species. Further molecular, morphological, and ecological studies may reveal a much higher number of species, and allow for a more complete description of these and other gnathiid taxa. For example, the best-studied gnathiid population corresponds to ITS2 variant I (in Clade II), which is found in gnathiids collected from wild host fishes near Lizard Island (Grutter et al., 2000) . This is the same gnathiid taxon being cultured at the research station, and has been the subject of several experimental studies in which it is referred to as Gnathia sp. A (Grutter, 2003; Nagel & Grutter, 2006) . The current evidence suggests that this gnathiid taxon is morphologically, behaviourally, and genetically distinct from other gnathiids near Lizard Island, thereby strongly supporting the contention that it is a separate species.
The tree topology, coupled with considerations of the distributions of gnathiid ITS2 variants across host fish species and families, implies the absence of host specialization (Fig. 2) . For example, clades I and IV include gnathiids sampled from both scarid and labrid hosts. Moreover, six ITS2 variants were recovered from gnathiids sampled from more than two fish species, and one ITS2 variant (L) was recovered from four fish species representing both of the teleost families sampled. Our observations of multiple gnathiid ITS2 variants on each of three H. melapterus individuals also imply a lack of specialization: one fish from Heron Island had gnathiids of ITS2 variants L and M; one from Yonge Reef had gnathiids of ITS2 variants D, G, and F; and one from Vicky's Reef (Lizard Island) had gnathiids of ITS2 variants E and I.
Clade III contained gnathiids of ITS2 variants (E and G) collected during both diurnal and nocturnal sampling. Gnathiids in this clade were collected from labrids at Lizard Island at night (save for one individual with ITS2 variant E, which may have been a nocturnal gnathiid that had remained on its host and was collected early in the morning), and a subset of nine gnathiids collected from labrids at Yonge Reef during the day (i.e. nine of 17 gnathiids collected from labrids at Yonge Reef were in clade III).
BEHAVIOURAL VARIATION
Phototaxis
In the phototaxis experiment, nocturnal gnathiids responded, on average, after 1.97 (± 0.21 SE, N = 30) filters were removed whereas diurnal gnathiids responded after 2.87 filter removals (± 0.21 SE, N = 30), and this difference was significant (Wilcoxon test, S = 705.5, P = 0.001; Fig. 3 ). On removal of the first (of five) filters, similar proportions of both nocturnal and diurnal gnathiids responded (Fig. 3) . The largest difference in response occurred when the second filter was removed, with 17 of 23 nocturnal gnathiids responding, but only six of the 25 diurnal gnathiids moving (Fisher Exact test, P = 0.0001). Overall, these results suggest that nocturnal gnathiids were more sensitive to low light levels than diurnal gnathiids.
Olfaction
In the light treatment, there was no difference in the proportion of diurnal (8/19) and nocturnal (10/20) gnathiids that approached the mucous plate rather than the control plate first, within 2 min of being released into the aquarium (Fisher Exact Test, P = 0.75; Fig. 4A ). Of the gnathiids that approached the mucous plate first, there was no significant difference in the time to respond, comparing nocturnal (66.3 ± 12.2 s, N = 10) and diurnal (67.4 ± 15.5 s, N = 8) gnathiids (Wilcoxon test, S = 76.5, P = 1.0; Fig. 4B ).
In the dark treatment, a higher proportion of nocturnal (10/12), compared with diurnal (4/11), gnathiids approached the mucous plate first (Fisher Exact Test, P = 0.04; Fig. 4A ), but again there was no significant difference in the time to respond of nocturnal (33.3 ± 5.7 s, N = 10) and diurnal (75.3 ± 24.6 s, N = 4) gnathiids (Wilcoxon test, S = 41, P = 0.14; Fig. 4B ). Although this difference is not significant, it is large, and suggests that nocturnal gnathiids may indeed respond more quickly in the dark than diurnal gnathiids. Because our sample size was low and the variances large, the statistical power of this test may be too low to detect a real difference.
Comparing light (8/19) and dark (4/11) treatments, there were no significant differences in the proportion of diurnal gnathiids that approached the plate with mucous first (Fisher's exact test, P = 1.0; Fig. 4A ), or the time that it took for them to approach the mucous plate (dark treatment, 75.3 ± 24.65 s, N = 4; light treatment, 67.4 ± 15.5 s, N = 8) in both environments (Wilcoxon test, S = 31.5, P = 0.39; Fig. 4B ).
Nor were there significant differences in the proportion of nocturnal gnathiids that approached the mucous plate first in the light (10/20) or dark (10/12) treatments (Fisher's exact test, P = 0.08; Fig. 4A ), or in the time that it took them to approach the mucous plate (dark, 33.3 ± 5.7 s; light, 66.3 ± 12.2 s; Wilcoxon test, S = 128, P = 0.09; Fig. 4B ). Although neither of these differences was significant, the large effect sizes suggest that the differences may be real, and thus that nocturnal gnathiids may be more willing to approach mucous in dark rather than light conditions.
Vision
The proportion of gnathiids that approached the moving model first, rather than the control model, differed significantly between nocturnal and diurnal gnathiids in both treatments. In the light treatment, almost twice the proportion of diurnal (16/19) compared with nocturnal (9/19) gnathiids moved towards the moving model (Fisher's exact test, P = 0.04; Fig. 5A ). There was no significant difference in the time that it took for them to approach the moving model in the light (nocturnal, 66.6 ± 12.7 s, N = 9; diurnal, 39.3 ± 7.0 s, N = 16; Wilcoxon test S = 147.5, P = 0.09; Fig. 5B ), although nocturnal gnathiids took almost twice as long as diurnal gnathiids to respond.
In the dark treatment, a much higher proportion of nocturnal (8/12) compared with diurnal (1/11) gnathiids moved first towards the moving model (Fisher's exact test, P = 0.009; Fig. 5A ). Nocturnal gnathiids also responded almost twice as fast (54.8 ± 11.6 s, N = 8) as the single diurnal gnathiid that initially moved towards the moving model in the dark (Fig. 5B) . The proportion of diurnal gnathiids that approached the moving model first was significantly different between dark (1/11) and light (16/19) treatments (Fisher's exact test, P < 0.001; Fig. 5A ). The single diurnal gnathiid that moved in the dark took more than twice as long to respond (102 s) compared with those in the light treatment (39.3 ± 7.0 s, N = 16; Fig. 5B ).
The proportion of nocturnal gnathiids that approached the moving model first did not differ between dark (8/12) and light (9/19) treatments (Fisher's exact test, P = 0.46; Fig. 5A ). Similarly, the time that it took nocturnal gnathiids to approach the moving model was not significantly different in dark (54.8 ± 11.6 s, N = 8) versus light (66.6 ± 12.7 s, N = 9) treatments (Wilcoxon test, S = 6705, P = 0.70; Fig. 5B ).
MORPHOLOGICAL VARIATION
Nocturnal gnathiids had significantly longer antennules, and greater eye and head widths than diurnal gnathiids, but their total lengths were approximately the same (Table 2) . Within both nocturnal and diurnal gnathiids, the distributions of most traits appeared to have two or three modes (Fig. 6A, B) , suggesting that the samples may have comprised different species or instars, despite our attempt to restrict these samples to the third instar (see Material and methods).
Not surprisingly, given the significant differences between nocturnal and diurnal gnathiids, logistic regression analysis incorporating all of these morphological traits significantly distinguished between these two groups (G2 = 123.4, P < 0.0001, d.f. = 5). All of the morphological variables contributed to this logistic regression model (P < 0.10 in each case), and it correctly classified 97% of the gnathiids in our sample (53/54 diurnal, 48/50 nocturnal). Principal components analysis (Fig. 6C ) based on all of the morphological variables clearly illustrates the distinction between nocturnal and diurnal gnathiids. PC1 is highly correlated (loadings > 0.65) with eye width, and the length of the first and second antennules, whereas PC2 is highly correlated (loading = 0.94) with total length; head width is loaded similarly on both principal components.
DISCUSSION
Our phylogenetic analyses suggest there is structuring in gnathiids at a large geographical scale (e.g. Table 1 ). There was no phylogenetic evidence for specialization of parasites on different host taxa at the host family or species levels, as gnathiids collected from the scarid and labrid hosts do not resolve into monophyletic clades (Fig. 2, Table 1 ). There was also some evidence to suggest that different gnathiid ITS2 variants forage at different times (day vs. night; Table 1 ) and had concomitantly different behaviours (Figs 3-5) and morphologies (Fig. 6 ) associated with their foraging environments (e.g. larger eyes in night-foraging ITS2 variants). The percentage of pairwise divergences between ingroup ITS2 variants varied between 0 and 8.6%. Grutter et al. (2000) reported DNA sequence divergences of between 1.5 and 9.3% in their phylogenetic analysis of three gnathiid morphotypes, and suggested that the larger of these values represented different species. Our analysis includes two of the three gnathiid taxa from that study, and again implies that gnathiids that parasitize elasmobranchs are different species from those that parasitize telosts.
PHYLOGEOGRAPHICAL PATTERNS
Although there were phylogeographical patterns in gnathiids parasitizing labrids and scabrids on a large spatial scale on the GBR, there was no obvious genetic structuring at small scales (< 2 km; Fig. 1, Table 1 ). It has long been assumed that marine organisms have little phylogeographical structure because there are few barriers to dispersal in oceanic environments (Palumbi, 1994; Palumbi et al., 1997) . However, studies of genetic structure among populations of marine organisms have yielded disparate results. Some have provided evidence of long-distance dispersal linking populations at the level of ocean basins (e.g. Grant & Bowen, 1998; Benzie, 1999) , whereas others have shown that gene flow can be quite restricted (e.g. Swearer et al., 1999; Taylor & Hellberg, 2003) . Dispersal in marine environments is affected by many factors, from oceanographic currents to natural selection against immigrants (Leis & McCormick, 2002; Largier, 2003; Taylor & Hellberg, 2003) . The behaviour and ecology of the organisms obviously profoundly affect the phylogeography in natural populations. In juvenile gnathiids, interactions among host specificity, host mobility, oceanic currents, and temporal activity patterns are probably all important.
Gnathiids of clade I were exclusive to Heron Island, and some ITS2 variants of other clades were unique to Lizard Island and Yonge Reef, both observations implying limited gene flow. Other studies of marine invertebrates have also found such geographical compartmentalization at relatively small spatial scales (e.g. < 50 km) on the GBR (Todd, 1998; Swearer et al., 2002; Ayre & Hughes, 2004) . Several aspects of gnathiid ecology and life history suggest that they may have limited planktonic movement and low dispersal rates. First, local larval retention is often high in live-bearing marine organisms because they have reduced dispersal and gene flow relative to pelagically dispersed larvae (Behrens Yamada, 1989 ; Bohonak, 1999). Second, ecological specialization may contribute to high degrees of genetic structuring in marine organisms (Rocha et al., 2005; Bay, Crozier & Caley, 2006) . Cleaning symbioses probably involve complex ecological interactions that may be unique to a geographical region, with the result that natural selection penalizes immigrants (e.g. Taylor & Hellberg, 2003) . For example, gnathiids may experience high predation rates from cleaning organisms, depending on which hosts the cleaners prefer in a new area.
HOST SPECIALIZATION
Gnathiids collected from elasmobranch hosts were genealogically distinct from those collected from teleosts. This confirms earlier genetic work (Grutter et al., 2000) , as well as behavioural and ecological observations that show that elasmobranch gnathiids differ from teleost gnathiids in both host infestation patterns (Heupel & Bennett, 1999) and feeding duration on their hosts (Smit & Davies, 2004) . There were, however, no aspects of the topology of our ITS2 phylogeny that suggest specialization of gnathiids on particular teleost host fishes. Gnathiids collected from different species in scarid and labrid host fish families neither form monophyletic clades, nor are clades evident that correspond to these families (which would imply specialization at a coarser taxonomic level). This finding is somewhat surprising as a behavioural study on host preference and specialization in gnathiids showed that a gnathiid population from Lizard Island had higher fitness after feeding on labrid host fish, for which they showed a strong preference (although scarids were not included in that study; Nagel & Grutter, 2006) . However, the differences in parasite fitness documented by Nagel & Grutter (2006) may not be heritable, or if they are, these gnathiids may not be reproductively isolated from other gnathiids with different host preferences. Jones et al. (2007) demonstrated some degree of host preference by sequencing blood meals of two nocturnal gnathiid species from the GBR. Such potential host specialization often leads to coevolution between parasites and hosts if heritable differences in parasite fitness result, and if parasites with different host preferences are reproductively or geographically isolated from one another (Rice, 1987) . Nonetheless, host specialization may be difficult to detect because it can take place at many geographical and temporal scales (Thompson, 1994) .
In the present molecular analysis, we studied gnathiids parasitizing only two host fish families that might be expected to share ectoparasites because of close taxonomic relatedness. Although the labrids and scarids that we studied are ecologically distinct, a comprehensive recent phylogenetic analysis placed scarids into a subgroup of the Labridae (Clements et al., 2004) . Gnathiids collected from more distantly related host fish families might have revealed a pattern of host specialization. Collection of gnathiids from more evolutionarily disparate host fishes is needed to resolve this issue.
Both ecological and evolutionary factors may contribute to low host specificity in gnathiids. If genetic variability is limited in parasites, they will not possess the evolutionary potential to overcome host defenses that would allow them to become specialized to a taxon (Hamilton, Axelrod & Tanese, 1990; Ebert, 1994; Lively, 1999) . Despite experimental evidence from a laboratory study (Jones & Grutter, 2005) , gnathiids may actually have little negative effect on their host fishes in the wild, eliciting little evolutionary counter selection from the hosts. Evolution will usually favour high degrees of parasite specialization only when the parasites are involved in tight co-evolutionary interactions with their hosts (Thompson, 1994) . Evolutionary patterns in gnathiids in this complex system may thus be determined by other ecological factors, such as predation and host detection in different environments, or in different temporal periods, as outlined below.
DIVERGENCE BETWEEN NOCTURNAL AND DIURNAL GNATHIIDS
Nocturnal and diurnal gnathiids collected from the same host fish species at Lizard Island are genetically (Fig. 2) , behaviourally, and morphologically (Fig. 6 , Table 2 ) different, suggesting that temporal divergence has arisen in at least one lineage (clade III). Only one gnathiid from Lizard Island in clade III was collected during the day, and the most parsimonious explanation for this is that it was a nocturnal gnathiid that remained on its host fish into the morning (the host fish was captured at 09:30 h, local time). At Yonge Reef, all of the captured gnathiids from this 'nocturnal' clade III were taken from fishes during the daytime, implying that these 'nocturnal' gnathiids may be active during both day and night at this locality, at least. More work is needed to resolve this issue.
The apparent genetic differences between nocturnal and diurnal gnathiids were somewhat surprising. Although it has long been known that gnathiids in many marine systems are active at night in different oceanic regions (e.g. California, Hobson & Chess, 1976; Caribbean, Chambers & Sikkel, 2002; Côté & Molloy, 2003; GBR, Jacoby & Greenwood, 1988; Grutter et al., 2000) , it has often been assumed that this nocturnal activity was attributable to behavioural plasticity (e.g. Alldredge & King, 1977; Jacoby & Greenwood, 1988) .
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We identified only one clade containing nocturnal gnathiids at Lizard Island, but there may be more, as our sampling was both geographically and taxonomically (with respect to host fishes) limited. The nocturnal gnathiids that we studied were always captured at night on caged labrid host fishes. However, other nocturnal gnathiids, Gnathia falcipenis Holdich & Harrison 1980 and a morphotype Gnathia sp. C., have been captured at Lizard Island using bottle traps illuminated with cylume sticks (Jones et al., 2007) . We stress that the gnathiids collected at night for our study were captured using a host fish species that is only active during the day. Although Jones et al. (2007) showed that some other nocturnal gnathiids feed on labrids at night, it is not clear if this nocturnal taxon would normally feed on this host fish, and this may have led to sampling artefacts in our phylogenetic analysis.
For logistical reasons, we could not sample the nocturnal gnathiids at Yonge Reef. If there are genetically distinct nocturnal gnathiids present there too, the apparent gene flow between Lizard Island and Yonge Reef (50 km apart) may be explained by transport on fish hosts, as large fishes, like elasmobranches, can travel this distance quickly (Bellwood & Wainwright, 2002 ). An alternative explanation is that insufficient time has elapsed for these populations to have diverged in ITS2.
BEHAVIOURAL EXPERIMENTS
Our behavioural experiments demonstrated that vision and olfaction are used differently by nocturnal and diurnal gnathiids. Being a nocturnally or diurnally active gnathiid presumably requires different senses, and there should be strong selection on gnathiids to perceive, identify, localize, and act on information about potential hosts and predators. Nocturnally active animals often use nonvisual sensory systems. For example, some fishes (e.g. Scorpaena papillosus Schneider & Bloch, 1801) feed during the day using vision, but at night use the mechanosensory lateral line (Montgomery & Hamilton, 1997) . Similarly, some coastal water birds use tactile foraging at night, but vision during the day (Rojasa et al., 1999) . The tradeoffs between the different sensory systems employed during the day and night have been well studied in the Lepidoptera. For example, diurnal neotropical dioptine moths (the ancestors of which were nocturnal) possess excellent vision to detect diurnal predators like birds, but have lost the ability to hear -hearing was once necessary to avoid predation from bats at night (Fullard et al., 1997) . Crustaceans that live in caves or in the deep ocean usually have reduced eyes or lack them altogether (e.g. Remipedes), and instead have well-developed chemical and tactile senses (Barr & Holsinger, 1985; Carpenter, 1999) . These examples all suggest that different taxa solve the nocturnal/ diurnal foraging trade-off in similar ways: vision is used when light is available, and nonvisual senses such as hearing, olfaction, and mechanosensory abilities are employed when light levels are low.
Olfaction is often well developed in crustaceans, and is usually accomplished by sensory cells on the first pair of antennae (Ziemba et al., 2003) . Our morphological analyses showed that both antennules were significantly longer in nocturnal gnathiids than diurnal gnathiids. This may have resulted from selection for host detection (e.g. increased antennule length in crustaceans has been attributed to increased sensory function in dark environments; Boxshall & Huys, 1998; Ziemba et al., 2003) or from predation avoidance (e.g. increased antennule length has also been associated with the gape size of predators in some zooplankton; Lagergren & Stenson, 2000) . In our experiments, both nocturnal and diurnal gnathiids responded to olfactory cues from fish mucous under both light and dark test conditions. However, in the dark treatment, the proportion of nocturnal gnathiids that swam to the mucous first was almost double that for diurnal gnathiids, suggesting that nocturnal gnathiids use olfactory cues to find hosts in the dark. Diurnal gnathiids either do not forage in dark conditions, or do not use olfaction to the same extent as nocturnal gnathiids when they forage in low light conditions. Although nocturnal and diurnal gnathiids did not differ in body size, nocturnal gnathiids have larger eyes than diurnal gnathiids (Table 2 ). This suggests past selection on eye size, presumably to improve night vision. There are, however, other ways for invertebrates to improve visual sensitivity in dim light. For example, the nocturnal Central American halictid bee Megalopta genalis Meade-Waldo, 1916 has morphological and physiological adaptations that increase visual sensitivity to light by a factor of 27 (compared with those of diurnal bees), without an increase in eye diameter (Kelber et al., 2006) . Nocturnal gnathiids may have similar adaptations, and may use different senses depending on environmental conditions (i.e. using vision when light is available; see below).
There were clear differences in performance between nocturnal and diurnal gnathiids in response to a visual cue in light and dark treatments. Twice the proportion of diurnal compared with nocturnal gnathiids moved more quickly towards the stimulus in the light treatment. This implies that diurnal gnathiids rely more on visual cues, and/or that nocturnal gnathiids are simply more hesitant to move in the light. In the dark test treatment, a higher proportion of nocturnal gnathiids moved towards the stimulus, and with less hesitation, indicating that nocturnal gnathiids can see in extremely low light levels. This conclusion was corroborated by the phototaxis experiments, which also showed that the nocturnal gnathiids responded to much lower levels of light. We cannot discount the possibility that vibrations from the moving model were somehow detected by the gnathiids. Even if this was the case, there were still clear differences in performance between the two groups of gnathiids: few diurnal gnathiids responded at all to the visual stimulus in dark conditions, and those that did took longer to respond in the light treatment (suggesting that either they could not see the moving model or they could not sense the vibrotactile cues). Nocturnal gnathiids appeared to be better able to respond under both treatments, as there were no differences in the proportion that responded in light vs. dark conditions, or in their latency to react to the stimulus.
MECHANISMS OF SELECTION
The results of our behavioural experiments suggest that the divergence between nocturnal and diurnal gnathiids may have resulted from natural selection acting on ecological traits such as predator avoidance and foraging behaviours under different light conditions. Diurnal gnathiids are better able to respond to visual cues in light conditions, suggesting that this is how they locate host fishes. Predation during the day, however, may have favoured divergence into nightforaging gnathiid taxa. Predation from planktivorous fishes varies geographically and locally on the GBR, but Choat (1982) suggests that it is especially high in the water column during the day. In addition, the main diurnal predator of gnathiids on the GBR is probably the cleaner fish L. dimidiatus (Grutter, 1995 (Grutter, , 1996 Côté, 2000) . Predation from L. dimidiatus affects gnathiid activity patterns on the GBR (Murphy, 2001) , where there was no effect of cleaner fish removal on nocturnal gnathiid abundance, but there was for diurnal gnathiids. Predation from this cleaner fish may result in strong selection on gnathiids for crypsis or on the timing and duration of feeding, which could result in highly structured gnathiid populations if the cleaner fish population density varies from site to site. Experiments are needed to determine if there is a link between cleaner fish predation and evolutionary divergence in gnathiids.
Nocturnally active zooplankton are vulnerable to predation from planktivorous fishes and invertebrates (Alldredge & King, 1977) . On tropical reefs, fishes that feed primarily on nocturnal zooplankton include the Apogonidae (cardinalfishes), Pempheridae (sweepers), Carapidae (pearlfish), and Holocentridae (squirrelfish). The ecological role of nocturnally active cleaner shrimps (Urocaridella sp.) is unclear, but they may eat gnathiids from the bodies of host fishes at night (Becker & Grutter, 2005) . However, there is little information available to suggest that these nocturnal predators exert much selective pressure on gnathiids.
Reduced predation pressure at night may have allowed some diurnal gnathiids to alter their foraging activity to take advantage of this unexploited niche. Our behavioural experiments and morphological analysis suggest that these gnathiids may have begun to use olfaction instead of vision, possibly to locate host fishes that are inactive on the reef at night.
Many processes can affect evolutionary divergence in parasites. In this study, we have attempted to determine the importance of ecological factors such as host and environmental specialization. We have shown that there are differences in morphology and behaviour in a marine ectoparasite that are correlated with environmental differences between gnathiid populations, and that there are at least four undiagnosed phylogenetic species that parasitize teleost host fishes. However, disentangling these processes from selection imposed by a unique predator, the cleaner fish L. dimidiatus, is difficult. Although our results suggest that predator avoidance and host detection are important traits affecting juvenile gnathiids, the effects of predation from organisms other than cleaner fishes, or other factors such as disease, are virtually unknown. We also emphasize that major questions remain about adult survival and sexual selection in these ectoparasites.
